• A number of workers have suggested that the sites of localization of the infective lesions of endocarditis 1 " 5 and of atherogenic lesions 6 may be determined, at least in part, by the streamline patterns and by perfusion of plasma components into the vessel wall by the lateral blood pressure. 7 In the present study, we have used models to explore some of the mechanical factors which modify the deposition of flowborne materials on vessel walls. Special attention was given to flow through stenotic orifices since characterization of these common bases for cardiovascular abnormalities may facilitate their management.
Because of the technical difficulties encountered in the course of the study of the effects of liquid flow, an analogue was designed to examine the effects of air flow. This is in keeping with hydrodynamie practice in which the similitude of air and liquid systems can be demonstrated. When the ratio (Reynolds number) of the inertial forces (a product of the density and velocity of the fluid and of the diameter of the vessel involved) to the viscous forces (viscosity of the fluid) is equal for a model and its prototype, essentially similar flow patterns can be expected in the two systems, regardless of whether gas or liquid is used.
Methods
A pipe of agar with a narrowing in its midportion was formed from two plastic blocks, each 24-em. long with a longitudinal hemicylindrical groove and a symmetrical venturi-like narrowing in the midportion of the groove ( fig. 1 ). Melted 4 per cent Difeo bactoagar was mixed with 0.018 normal NaOH and a few drops of phenolphthalein solution and poured into the groove. By means of a template, a uniform lining of the groove with a 4-mm. thickness of agar was produced. The two blocks were clamped together to form a venturi tube with an inlet diameter of 22 mm. and a throat diameter of 8 mm. As a result, the velocity of the stream in the throat was approximately eight times the velocity in the inlet. A straight smooth tube, 50-cm. long with a diameter equal to that of the inlet of the agar channel, was used to diminish the degree of turbulence of the air entering the agar tube. Acetic acid vapor, generated by bubbling compressed air at 15 mm. Hg pressure through 70 ml. of water containing 10 per cent acetic acid, was blown through the tube for five minutes. The two plastic blocks were then separated, and the halves of the agar tubes were examined to determine the sites of decoloration.
Studies were carried out for varying periods of time and in pipes of different sizes. The data obtained in all of these experiments were essentially similar to those given in the present report.
In control experiments, the pipes of agar were not constricted.
Results

PRESSURES AND FLOW
Lateral pressures at the source, nozzle inlet, throat, diffuser, and outlet, and the calculated Reynolds numbers at inlet and throat are given in table 1. These data demonstrate pressure gradients as expected, with the pressures in the throat being less than those in the outlet. Reynolds numbers, calculated for a flow of 0.68 L., were 2,760 for the inlet and 7,650 at the throat.
PIPES OF UNIFORM DIAMETER
Flow through agar pipes of uniform diameter was tested in 15 experiments. There was virtually no decoloration of the indicator except for a slight effect at the junction of the inlet tube with the agar pipe. These inlet effects are also seen in the venturi tubes discussed below (figs. 1 and 2).
DEPOSITION ON VESSEL WALL
PIPES WITH CONSTRICTION
Characteristic results obtained in 32 experiments with the venturi tube are illustrated by transillumination of the plastic-agar combination ( fig. 1 ). However, the exact sites of bleaching and the degree of deposition and penetration could not be defined until the flow was stopped and the tube was opened. Figure  2 shows a single longitudinal strip cut from the agar pipe at the end of the flow period; flow was from left to right; the lumen of the pipe was at the lower surface of the strip. The entire tube was uniformly red before the onset of air flow. The red agar is shown as black in the figure; wherever acetic acid was deposited in amounts sufficient to bleach the red indicator, the agar is seen as gray. When the tube was opened, immediately after cessation of flow, marked bleaching was evident at the leading edge of the agar tube at its junction with the inlet tube. Decoloration was less marked until the region of constriction, seen as the V-shaped section of the strip.
Bleaching then increased progressively in this segment to the region of greatest narrowing, the point of the V. Immediately beyond this point, at the vena contracta,* a small region was apparent in which bleaching was less marked. The remainder of the tube showed fairly uniform bleaching, except that the decoloration was somewhat less marked near the outlet.
The extent of the deposition of acid at var-* Streamlines converge as they approach an orifice and because of momentum continue to converge beyond the orifice. At a distance beyond the orifice which is approximately equal to the radius of the orifice, the stream has its smallest cross-section area and velocity is maximal; this is the vena contracta.
FIGURE 1
Plastic block icith am agar-lined groove. The block has 14 holes through which screws were placed to join two such blocks together, forming a tube of agar. The red phenolphthalein is seen as black in the photograph. A rigid tube (not shown) connected the inlet pipe to the agar tube so that discontinuity between these was minimized. The agar tube begins 2 cm. from each end of the block. Arrow indicates direction of flow. Transparent segments represent sites of decoloration. A dark segment is seen 5 mm. beyond the origin of the agar tube; the rest of the left half of the tube is relatively decolorized. A. dark line immediately above 4.6 cm. on the scale represents the sharp inturning of the venturi tube. A dark region which corresponds to the vena contracta is evident immediately beyond the neck, at about 7.4 cm. on the scale. The agar to the right of the vena contracta is decolorized except for a line at about 9.8 cm. Color reappears at the doivnstream end of the agar tube, apparently as a result of reestablishment of laminar flow. Discussed in text.
ious sites became more evident as diffusion took place ( fig. 2 ). Thirty minutes after the air flow was stopped, decoloration at the inlet was more marked, but color had reappeared in the segment up to the nozzle (at the V). Decoloration was progressively marked on the upstream segment to the point of greatest narrowing. A small area immediately beyond this point was less bleached. Further downstream, decoloration was more marked, but toward the end of the tube, the red color became more evident. Photographs of the same strip at 60 and 120 minutes ( fig. 2) show further changes as diffusion of the XaOH in the agar neutralized the acetic acid deposited on the surface. The upstream segment tended to recolorize, the nozzle showed progressive bleaching, and a An interpretation of streamline patterns and contact with the icall. Three laminar streamlines entering the vessel at left have relatively little contact ivith the tcall. Deposition is increased where the streamlines are deviated by the narrowing of the tube. Minimal deposition is noted immediately beyond the throat of the venturi tube at the "vena contracta." The stream becomes turbulent just beyond this point and deposition is maximal. Laminarity of the streamlines is reestablished further downstream and deposition is reduced. Discussed in text.
Flow Data for Model
small zone of color at the vena contracta persisted. Complete bleaching was present beyond this site to a region near the end of the tube where color appeared again.
Discussion
The affinity of the streamborne materials for those in the wall may affect the tendency to binding of the interacting elements. In the present study, the marked affinity of acid for base, as well as the solubility in water of both reactants, facilitated deposition and reaction. Contact of streamborne materials with the vessel wall is determined by the streamlines (fig. 3 ) and b3' the lateral pressure.
STREAMLINE EFFECTS
When a stream is laminar, the wall of a vessel is in direct contact with a thin film of fluid: the boundary layer, which moves relatively slowly. This limits the quantity of streamborne materials which comes in contact with the wall. This effect is seen in the relatively minimal deposition of acid on the upstream wall ( fig. 2: 120 minutes) , where laminar flow is probably present. Wherever the wall is roughened or irregular, as at the junction between the inlet tube and the agar, the boundary layer is disturbed, interaction between stream and wall increases, and deposition of the streamborne materials on the wall is more marked. Local disturbances are generated bj r the acceleration of the stream on entering the nozzle and deposition increases. The momentum of the converging stream ex- truded through the throat of the nozzle causes the stream filaments to continue to converge for a short distance; the movement of the stream away from the wall results in a vena contracta just beyond the orifice and deposition is minimal at this site.
The high velocity at the vena contracta may overbalance the viscous forces which maintain the laminarity of the flow pattern, and the stream will become turbulent, as indicated by Reynolds numbers above 3,000. Contact of the streamborue materials with the wall becomes more evident in the marked bleaching of the segments immediately beyond the vena contraeta. Still further downstream, the velocity is reduced as the stream enters the wider portions of the tube; the tendency to laminar flow gradually reasserts itself and deposition on the wall is diminished, as indicated by the appearance of color at the approaches to the outlet of the tube.
Patterns of lipid deposition in early atheromatosis are in accord with that noted in the agar pipe. Thus, lipid infiltration of the aorta is minimal immediately adjacent to the nozzle of the aortic ring. The tendency for lipid involvement of the aortic wall is markedly increased slightly further downstream where the accelerated streamlines tend to become turbulent and plasma-borne lipids and other components of the blood stream may come into increased contact with the wall.
It should be noted that turbulence not only brings more streamborne materials into contact with the wall, but it tends to scour the wall as well. In our experiments, the great affinity of acid for base prevented the removal of material which already had reacted. In the case of blood vessels, materials coming into contact with the wall may be held in physical solution or chemical attraction, engulfed by the endothelial cells in the process of pinocytosis or phagocytosis, or through the lateral pressure, may be filtered into a permeable wall.
PRESSURE EFFECTS
Filtration is facilitated when the transported materials are soluble in those of the vessel wall. The present experiments do not provide a critical test for filtration effects since the agar tube was enclosed in a firm plastic shell which effectively eliminated the filtration gradient. Since atheromatous plaques are common in pulmonary and systemic hypertension, it may be assumed that filtration plays a significant role in atherogenesis.
Wherever the velocity of the stream is high, the resulting fall in distending pressure 8 may reduce filtration significantly. 9 Thus, the reduced lateral pressure at a vena contracta may modify resistance to infection of such a vessel segment by a diminished filtration of plasma constituents, such as oxygen and glucose, to the vessel wall. 5 The high velocity during ventricular ejection through the root of the aorta may be associated with the reduced tendency to early lipid infiltration in this segment.
Further, the gradient in pressure from adjacent segments of the wall where filtration takes place to the site of reduced filtration may generate a retrograde flow of filtrate through the region of reduced pressure at a vena contracta and thence back into the stream. 9 A blood vessel segment subjected to such retrograde flow would therefore receive fluid surcharged with carbon dioxide and other metabolic end products and depleted of oxygen and nutritives. In addition, bloodborne antibodies, antibiotics, and other materials would have to traverse a relatively long retrograde path through the adjacent segments of the vessel before coming into contact with a locus of infective endocarditis; this may account in part for the extraordinarily high concentrations of antibiotics required for the eradication of the microorganisms in endocarditic lesions. Other studies from this laboratory have demonstrated that patterns of flow can affect the sites of deposition as well as the growth rates of bacteria in the various portions of agar venturi tubes. 5 These effects may contribute to the mechanical bases for the consistent finding of infective endocarditis immediately beyond a nozzle through which 6 6 8
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a high pressure gradient extrudes blood at high velocities. 5 For flow through a straight, rigid pipe, a Reynolds number less than 2,000 is usually associated with laminar flow; disturbances appear at numbers between 2,000 and 3,000, and the stream tends to become turbulent at numbers above 3,000. When the shape of the pipe is modified as in venturi tubes, the point of turbulence may be at some number other than 2,000; this would have to be determined by experimentation. Other factors, such as imperfections in the tube, the presence of moisture droplets, and the slight compressibility of the air, may also complicate the interpretation of the Reynolds number. The situation in the vascular system is even more indeterminate since flow is pulsatile, the vessel diameter changes during each surge in pressure, filtration across the vessel wall disturbs the boundary layer, and the viscosity of the blood probably changes anomalously from moment to moment. Obviously, these factors limit the value of the Reynolds numbers. However, since hydrodynamic forces necessarily affect the structure and pathology of vessel walls, approaches of the present type may provide qualitative information and suggest means for further quantification of these relatively unexplored forces.
The present results suggest that specific flow and pressure patterns, by modifying the tendency of nowborne substances to come into contact with the wall of the vessel, may have pathogenetic significance in the production and localization of endocarditis, lipid infiltration, and atherosclerosis.
Summary
An air stream saturated with acetic acid vapor was blown through a tube made of agar which contained sodium hydroxide and phenolphthalein. Where flow was laminar, transfer of acid from the stream to the wall and decoloration of the indicator were of limited degree. Deposition of nowborne material was increased wherever the streamlines were disturbed, as at discontinuities and narrowings. Deposition was minimal slightly beyond the nozzle of the venturi tube, at the site where the momentum of the stream deviates it from the wall. These patterns of deposition by the stream are discussed in terms of their potential effects on the nutrition of the vessel wall, with particular reference to the localization of atheromatous and endoearditic lesions.
